Several supersymmetric models in which there is a (partially) composite Higgs boson arising from (coupled to) a strong sector have been proposed. Such strong dynamics would help to cause the electroweak symmetry breaking naturally. In this paper, we focus on the compositeness of the Higgsinos in such models. We show that such a Higgsino compositeness can induce the characteristic decay branching fraction of the neutralinos. In such scenarios, the decay branching fraction of the second lightest neutral Higgsino into the lightest neutral Higgsino with photon can be large due to a dipole interaction. We also discuss the Higgsino dark matter feature. The annihilation cross section into γZ can be large.
Introduction
Large Hadron collider (LHC) experiments are searching for new physics beyond the standard model (SM) related with the electroweak symmetry breaking and low-energy supersymmetry (SUSY) is one of the leading candidate. For example, in the minimal supersymmetric standard model (MSSM), the electroweak symmetry breaking scale is regarded as the combination of supersymmetric mass (µ term) and soft SUSY breaking parameters.
In order to achieve the electroweak symmetry breaking naturally, each contribution would not be much larger than the observed electroweak scale because if these are large, big cancellation between these contributions is required. In particular, because the main contribution to the electroweak symmetry breaking is arising from the µ term and up-type Higgs soft mass m Hu in MSSM, a small value (O(100) GeV) of these parameters is favored by such a naturalness discussion. Moreover, stop mass and the A term, A t , are also constrained from the naturalness discussion, because the m Hu receives the stop loop correction δm + |A t | 2 ) ln(M mess /mt) at weak scale #1 . However, the stop masses and A t are also related with the lightest neutral Higgs boson mass m h via the loop diagram; the heavy stop lifts the Higgs mass up. Thus, in order to avoid the fine-tuning with m h = 125 GeV [4] [5] , models which receives additional contributions to the Higgs mass and the low messenger scale M mess would be favored [6] .
One of the way to construct such a natural supersymmetric spectrum is introducing a strong dynamics in low-energy SUSY scenario (e.g., partially composite Higgs models [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] ). #2 If Higgs fields are in (or coupled to) a strong sector, the additional contribution to the Higgs potential will be arising from the strong sector dynamically. In composite Higgs scenario, the potential is generated at the dynamical scale, thus, M mess can be taken to be small. Moreover, it can also be considered that the Higgs soft mass is suppressed by entering the strong sector into the superconformal window in partially composite Higgs scenarios. If it is suppressed enough, M mess can be small also in partially composite Higgs scenarios, effectively.
In particular, after the discovery of the 125 GeV Higgs boson which property is similar to the SM (i.e. elementary) Higgs boson, the scenario with the partially composite Higgs boson in low-energy SUSY became more attractive. Such a property of the Higgs boson is promised by supersymmetry and the naturalness of the scale would implies an existence of the strong dynamics, additionally.
In this paper, we focus on the compositeness of the Higgsino in such SUSY scenarios. The (partially) composite Higgsino has magnetic moment couplings arising from the strong dynamics. Then, the branching ratio of the Higgsino decays into the lightest Higgsino can drastically change. Actually, we show that the decay of the second lightest neutralino into the lightest neutralino will dominantly accommodate with photon in the case where the composite Higgsino composes the lightest neutralino dominantly.
Finally, we also discuss the other possibilities to appear the Higgsino compositeness. In #1 For details of such a "natural supersymmetry" spectrum, e.g., see Refs. [1] [2] [3] . #2 For earlier proposals, see also [18] [19] [20] [ [21] [22] [23] .
particular, we show that the magnetic moment can also play an important role to search and constrain the (partially) composite Higgsino dark matter.
A (partially) composite Higgsino
In models with (partially) composite Higgs, the effect of strong dynamics can be written as higher dimensional operators, and the following term gives anomalous magnetic couplings #3 ,
where H u (H d ) and W α are chiral superfield for the up(down)-type Higgs doublet and fieldstrength superfield for the SU(2) or U(1) gauge symmetry in the SM, respectively. The D α is the derivative operator in superspace and V denotes the SM vector superfields. The Z † depends on the SUSY soft breaking mass, Z † =θ 2 m SUSY . This includes the following magnetic moment interaction and also kinetic mixing terms;
where theH u (H d ) are the fermion component of H u (H d ) and the F µν is the field strength for the SM SU(2) or U(1) gauge symmetry. The c dipole and c mixing in Eq. (2) are constants and its values depend on models. As we will see later, these terms, the dipole term especially, can change the Higgsino phenomenology drastically.
In this section, at first, we describe the general form of these terms using naive dimensional analysis. Then, we introduce several scenarios motivated by current experimental results and the benchmark values of the coefficient of the dipole interaction c dipole in Eq. (2) briefly.
General description for Composite Higgsino case
At first, we consider the dipole term of the composite Higgsino in general, considering the Lagrangian by naive dimensional analysis [26] [27] [28] [29] [30] ,
where g ρ ∼ 4π and g is the SM gauge coupling. The Λ is the dynamical scale; the heavy sector are integrated out and we obtain the effective theory at the scale. Here, we parametrize the compositeness of H u (H d ) using ǫ u (ǫ d ) and ǫ u,d ∼ 1 is corresponding to the fully composite H u,d case.
#3
For the anomalous magnetic moment in a supersymmetric case, see Refs. [24, 25] .
From Eq. (3), we obtained the following term,
Then, the dipole term can be obtained as
where c soft = m SUSY /Λ. Thus, the c dipole in Eq. (2) can be written by c dipole ∼ gc soft (ǫ u ǫ d /Λ). Furthermore, it also includes the following term,
and it contributes to the kinetic mixing of neutralinos and charginos. We describe such kinetic mixing terms and the correction of the neutralino mixing matrix in Appendix. We will discuss the effect which comes from this correction later. For example, it can change the cross section related with dark matter direct detection experiments.
Partially composite Higgs model
Here, we discuss the low-energy SUSY scenario with composite Higgs and the benchmark values of c dipole in proposed models briefly. In particular, we focus on the scenario which has partially composite Higgs bosons. In the scenario, because there is also elementary Higgs, the SM fermion masses can be arising from the Yukawa couplings without additional flavor problems as usual in MSSM.
#4
We consider such a partially composite Higgsino case supposing the following superpotential,
where elementary superfields H u,d interact with the strong sector via the coupling λ u(d) has the mass dimension 2 − d and the d is the dimension of a composite operator O u(d) . These can be correspond with ǫ u,d in Eq. (3);
where ǫ u,d are dimensionless parameters and Λ is regarded as the dynamical scale induced the strong sector. Since the Higgs boson is partially composite, the strong sector also contributes #4 But, of course, the results of our study can be useful for all scenario which include a composite Higgsino or partially composite Higgsino taking the c dipole and c mixing value of the scenario.
to generate the Higgs potential, then, the 125 GeV mass of the lightest neutral Higgs boson can be explain without very large SUSY breaking soft masses.
Considering the strong superconformal sector as the strong sector and d < 2, the couplings in Eq. (7) are relevant. Even for the large λ u,d which is required to explain the 125 GeV Higgs mass, Landau poles in the UV can be avoided.
The dynamically generated µ term can be a desirable value and a solution to the µ problem in low-energy SUSY. In this scenario, it is required that the λ
is around the TeV scale in order to generate the 125 GeV Higgs mass, then, it is possible to cause a coincidence problem. However, the coincidence problem can be solved by, at least, considering an extension of the Giudice-Masiero mechanism [10, 11, 16] .
To obtain a natural supersymmetric spectrum, it would be also required some mechanism due to null results of current LHC SUSY searches, e.g., to obtain a hierarchy between the colored SUSY particle masses and the Higgs soft mass. Also in order to obtain that, the superconformal sector may be helpful. In the scenario, the Higgs soft mass can be affected by the superconformal feature, then, the suppressed Higgs soft mass could be obtained at the dynamical scale [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] .
In the partially composite Higgs boson scenarios, there are two possibility to break the electroweak symmetry breaking; the electroweak symmetry breaking vacuum expectation value (VEV) is composed also by strong sector (case 1) or only by elementary Higgs VEV (case 2). And there are several possibilities to achieve non-zero vacuum expectation values of Higgs fiels; for example, the minimization is dominated by balancing between the H 2 term and the smaller power-law term or between the H 2 term and the larger power-law term. However, in order to explain the smallness of the electroweak symmetry breaking scale, Λ should not be much larger than 1 TeV and, actually, the values of ǫ u ǫ d /Λ are not much different from ∼ 1/(O(10)TeV) in proposed scenarios. For more details about models, see papers of each scenarios, e.g., Refs [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . On the other hand, the c soft value which parametrize also the SUSY breaking in the strong sector fully depends on scenario.
Signal in collider
In this section, we demonstrate the effect of the dipole term to the branching fraction of the neutralino decay. At first, we show the decay branching ratio of the second lightest neutralinõ χ 0 2 in the gaugino decoupling limit,
is the SU(2)(U(1)) gaugino mass), for simplicity. Here, we consider the following magnetic moment coupling,
as the contribution from UV theory. The Λ dipole can be reinterpreted as 1/Λ dipole ∼ c soft ǫ u ǫ d /Λ using Λ and ǫ u,d , in Eq. (3). In MSSM, theχ 
where C(r) can be obtained by calculating the integrals explicitly. For small r ≪ 1, C(r) = (log r)/2 + 1 − 3πr 1/2 /4 + O(r log r). See Ref. [41] for an explicit formula of C(r). On the other hand, the decay width of the three body decay via virtual Z boson exchange is written by
Here, f is summed over all of the quarks and leptons expect for top quark. Then, in MSSM, the branching ratio of the two-body decay to the three-body decay is obtained as
thus, the branching fraction ofχ 0 2 →χ 0 1 γ become large at M gaugino ≫ |µ| limit in MSSM [41] . Next, we estimate the contribution of the dipole term in Eq. (9) induced from strong dynamics. The two body decay width from the magnetic dipole moment coupling is obtained as
where we calculate only the dipole coupling contribution neglecting the MSSM one-loop diagram. And the ratio is written by
.
This shows that the contribution from the dipole term would be comparable with the MSSM loop contribution in a parameter region with µ ∼ 300 GeV and
TeV. Furthermore, in this limit, the branching ratio of the two-body decay to three-body decay is the same order when M 1 ∼ M 2 ∼ 1 TeV and Λ dipole ∼ O(100) TeV. Finally we show the parameter dependence of the branching fraction ofχ 0 2 decay for more details. Here, we use ISAJET783 [42] with a modification to include the additional dipole contribution. The Fig.1 shows the branching ratio of the two-body decay in the secondlightest neutralino decay. In the calculation, we take the same soft mass for Bino and Wino, decoupled squark and slepton masses, and assume that the neutralino mass matrix is the same as the MSSM, for simplicity. Although the components, actually, can be slightly different from the MSSM, the quantitative feature of the neutralino decay is not drastically changed.
As shown in Fig.1 , the larger Λ dipole , the smaller the fraction of theχ
TeV, the contribution from the higher dimensional operator is comparable with the contribution from MSSM one-loop diagrams. And, in a case where the dipole term has a negative sign, Λ dipole < 0, the contribution cancel the MSSM loop contribution at such a region. Then, in very large |Λ dipole | region, the branching ratio is a constant in the Fig.1 . The Fig.1 shows that, for example, in µ = 200 and M 1 = M 2 = 1 TeV case, the branching fraction of theχ
We also show the gaugino mass dependence in Fig.2 . It can be seen that the branching fraction ofχ 
Signal in space
So far, we investigated the branching ratio of the Higgsino which can be changed by the dipole term arising from the strong sector. In this section, we discuss other possibilities to appear the compositeness of Higgsinos.
The dipole term can also change the feature of the Higgsino dark matter. The Higgsinolike dark matter can annihilate into γγ and γZ via loop diagrams and the annihilation cross section is (σv) γγ(γZ) ∼ 1.0(2.2) × 10 −28 cm 3 s −1 at µ ∼ 140 GeV pure Higgsino region in MSSM [43] [44] [45] #5 . On the other hand, It would be possible that these cross section become large in the (partially) composite Higgsino case; the cross section which induced by the diagram shown in Fig.3 can be (σv)
Thus, the cross section is around the current limit by Fermi [51] and a comparable order of a line-like spectral feature which was reported by Refs. [47, 48] using the data of the Fermi Gamma-Ray Space Telescope [49] . (See also Ref. [50] and references therein for details of this signal. The current Fermi-LAT reports the local (global) significance of 3.3 (1.5) σ at 133 GeV [51] .)
In addition to the line-gamma constraints, we should also take into account the constraints from continuum gamma-ray and other cosmic-ray observations [52] [53] [54] [55] [56] for the Hig- #5 We have calculated these values using the micromegas [46] . gsino dark matter scenario because of the large annihilate cross section to weak gauge bosons, (σv) W W (ZZ) ∼ 2.1(1.8) × 10 −25 cm 3 s −1 at µ ∼ 140 GeV pure Higgsino region in MSSM [57] . But, there are also uncertainties and because the ratio of the W W (ZZ) cross section to γZ cross section is not determined, unlike the wino and Higgsino case in MSSM [53] , the possibility for the composite Higgsino as the origin of the tentative gamma-line like signal cannot be excluded by a dark matter distribution independent way.
There are also another possibilities to appear the compositeness of Higgsinos. As we mentioned in previous section, the off-diagonal component in neutralino and chargino mass matrices can receive the corrections due to v These cosmological and astrophysical aspects of the (partially) composite Higgsino are very interesting and important, but, the detail analysis is beyond the scope of this paper. #6 And, regardless of whether the Higgsino is dark matter or not, the decay branching ratio of the second-lightest neutral Higgsino can be changed as we shown in this paper. We will study the details for the dark matter phenomenology in other place [62].
Summary
In this paper, we investigate the possibility to appear the Higgsino compositeness in the neutralino decay. In the partially composite Higgs scenarios which are motivated by explaining the electroweak symmetry breaking naturally, the dipole term of the Higgsinos would be arising from the strong sector and it can change the branching ratio of the neutralino. As shown in section 3, theχ 0 2 →χ 0 1 γ branch can be dominant at a plausible parameter space. Furthermore, we also discuss other possibilities to appear the compositeness of Higgsinos in the previous section. We show that the possible corrections for the dark matter feature not only from the dipole terms but also from the kinetic mixing terms. In particular, the dipole #6 For other features of this dark matter, e.g., see also Refs. [58] [59] [60] [61] .
terms can change the annihilation cross section of Higgsino to γZ drastically. Although there is O(1) uncertainties in our estimation and also the model dependent factor c soft , it can contribute to constraint for the dark matter scenario in the partially composite Higgs models. And, in some case in which c soft ∼ 1, such large annihilation cross section into γZ could help to explain the tentative gamma-line like signal in the Fermi-LAT.
Even from a view point of dynamical electroweak symmetry breaking scenarios with composite Higgs boson, the existence of the elementary Higgs are also attractive because Yukawa couplings can be written without additional flavor problems. Then, to protect the mass squared term of the elementary Higgs, supersymmetry is a viable symmetry.
In several scenario of the partially composite Higgs scenarios, the Higgs physics can deviate from the SM. But, the current experimental results are, unfortunately, consistent with the SM Higgs boson. However, the Higgsinos are also partially composite in such models.
#7 Thus, the indication of the compositeness due to a (semi)-perturbative coupling with a strong sector could also be measured at the Higgsino phenomenology.
In this Appendix, we describe the effects of the following operators in detail:
where W (W Y ) are the field strength superfields for SU(2) L (U(1) Y ) gauge symmetry and V denotes the SM vector superfields, respectively. The D α is the derivative operator in superspace. Superfields can be expanded by its component fields as the following,
#7 And there are also TeV resonances in this scenario. These could also be discovered at LHC [16] .
By using component fields, the SUSY breaking contribution in the operators can be written by,
The O W,1 and O W,2 can also be expanded in the same manner. From equations of motion, we get
In the above operators, the first three terms contribute to the neutralino mass matrix, the fifth term gives the kinetic mixing between Higgsino and gauginos, and the last term gives the dipole operator for Higgsino #8 . To demonstrate these contribution, we consider the following effective operators:
where
is a coefficient which depends on the SUSY breaking as C soft in Eq. (5) . From now on, we discuss the effects of the above operators on mixing of the neutralinos at the order of g
where δN kin. is given as,
#8 The supersymmetric part of the operators also includes the contribution to the mixing, although these are suppressed O(v 2 /Λ 2 ).
Here, M MSSM is the neutralino mass matrix in the MSSM, which is given as,
and δM is the contributions of the first three terms in Eqs. (21, 22) , which is given as, (29) where µ eff. and δ's are given as,
Canonically normalized mass eigenstatesχ i 's are given as,
We define mixing matrix as N x ≡ N (1 + δN kin. ) −1 . Mass eigenstateχ 0 i can be expressed as, 
Hereafter, we assume m Z ≪ |M 1 | − |µ eff. |, |M 2 | − |µ eff. |, for example. In this case, the lightest neutralinoχ 0 1 and the second lightest neutralinoχ 0 2 is pure higgsino at order m Z /M 1,2 . If we take M 1 , M 2 , µ eff. > 0,
